The estimation of the impulse response (IR) of a propagation channel is necessary for a large number of acoustic applications: underwater communication, detection and localization, etc. Basically, it informs us about the distortions of a transmitted signal in one channel. This operation is usually subject to additional distortions due to the motion of the transmitter-channel-receiver configuration. This paper points on the effects of the motion while estimating the IR by matching filtering between the transmitted and the received signals and introduces a new motion compensation method. Knowing the transmitted signal, the "apparent" speed of each propagation path can be estimated using wideband ambiguity function [1] . Indeed, some interference appears in the wideband ambiguity plane because of the multipath propagation. A warpingbased lag-Doppler filtering method is proposed allowing us to accurately estimate the IR of the channel.
INTRODUCTION
Generally, the estimation of the IR of one propagation channel is done with the well-known matching filtering operation [2] . Since the motion of the transmitter-channelreceiver configuration is not known a priori, the received signal could be alternatively correlated with a family of reference signals that represents possible Doppler shifts. The set of reference signals should be defined for all possible velocities and time delays of the configuration [3] . Recently, the Doppler effect consequences on the estimation of the IR in low frequency shallow water environments has been described [1] . The considered processing method in [1] is the matching filtering between the transmitted and received signals. Traditionally, the time delay and Doppler effects are analyzed by the ambiguity function. If the signal is narrow band, the conventional formulation of the ambiguity function is appropriate. In this case, the effects of motion, which are a compression in time for approaching sources and an expansion for receding sources, are approximated as simple carrier-frequency shifts of the transmitted waveform. For the narrow band case, the correlation receiver has a reference set of signals composed by time-delayed and carrierfrequency-shifted versions of the transmitted signal. In our study, a multipath wideband ambiguity function has been introduced in order to take into account the effects of the motion in both the carrier frequency and the modulation function for each path. In the wideband case, the correlation receiver has as reference signals the time-delayed and timecompressed or time-expanded versions of the transmitted one. Interferences may appear in the wideband ambiguity plane because of the multipath propagation which affects the IR estimation. In this paper we introduce a new method for IR estimation in moving configurations, enabling also the classical acoustic inversion processes (ie, defined generally for motionless configurations). This method consists of warping-based lag-Doppler filtering which accurately separates each path in order to reduce interferences and get correct IR estimations.
The paper is organized as follows. Section 2 presents the characterization of the multipath environment in a moving configuration. Section 3 describes the warping-based lag-Doppler filtering. The Doppler effect removal technique is described in section 4. Examples on simulated data are presented on section 5. We conclude in Section 6.
DESCRIPTION OF THE MOTION EFFECT IN A MULTIPATH CONFIGURATION
In order to describe the motion effect in a multi-path configuration, let us consider a motionless receiver and a transmitter moving with a constant speed. We define a time axis u for the emission (i.e. the time of transmission) and t for the reception (i.e the time of arrival), related in the following way:
where T i (u) refers to the time of propagation of the i th ray. This relation states that a signal transmitted at the time u is received on the i th ray at the time u plus the propagation time along the i th ray. L i (u) is defined as the length in meters of the i th ray. With a transmitter moving with a constant speed along axis x, (1) becomes
where x 0 is the position of the source when u = 0 and c is the sound velocity (considered constant). To clarify notations, we introduce
Some manipulations with (1), (2) and (3) yields to:
The term Ĳ i (u) represents the time of propagation from the transmitter to the receiver. It depends on the time delay u and cannot be expressed with the time of arrival for all cases. The term 1/(1+v i /c) is the classical compression or expansion in the time domain induced by the broadband Doppler effect. In equation (4), it has been assumed that Doppler effect depends on each ray. As shown in the figure 1, the motion vector v is projected on the path of the i th ray with the declination angle ș i which leads to As indicated by (5), each ray will be characterized by a distinct Doppler effect defined by the speed v i . Considering several rays, the i th ray is an amplitude-attenuated (a i ), time delayed and Doppler-transformed version of the transmitted signal e(t). With (4) the signal received from the i th ray is expressed as
The received signal s(t,u) is the sum of all the s i (t,u) received from each ray leading to the following expression
We assume that the propagation time and the projection of the motion vector are constant during transmission. This hypothesis stands valid as long as the distance made by the source during the transmission can be neglected compared with the distance source-receiver. By using the complete formulations of the signal received for each ray and of the apparent speed (5), the formula (7) can be rewritten
This expression shows that the Doppler transformation of the transmitted signal (e(t)) depends both on the speed of the source and the angle of emission (ș i ) which is different for each path.
WARPING-BASED LAG-DOPPLER FILTERING
The problem of the estimation of an IR with matching filtering is formulated and analyzed in this section. It has been explained that the received signal is defined as the sum of amplitude-attenuated, time delayed and Dopplertransformed version of the transmitted signal. Assuming the transmitted signal is known, the propagation time and the velocity associated to each ray can be estimated by cross correlating the received signal with a set of reference signals. The set of reference signals is composed of timedelayed and Doppler-transformed versions of the transmitted signal for all the range of time delays and speeds expected [3] . The factor of contraction or expansion due to the Doppler transformation, η, satisfies
The Doppler transformation factor of the i th ray is introduced as Ș i and satisfies (9) with the speed v i associated to the same ray. For each reference signal, the cross correlation is expressed as:
where * denotes the complex conjugation, s(t) the received signal and e(t) the transmitted one. Using the expressions of the received signal in a multipath environment (6) and (7) in (10) yields
Local maxima of this correlation function are reached for each ray. For the i th ray, the maximum is reached when the reference and the propagated signal are exactly aligned in time delay and Doppler. It is assumed that rays are well separated in time in the motionless case so there are no interferences between local maxima. The interferences that could occur between local maxima are studied in [3] and are not the purpose of this paper. The time of propagation and the apparent speed of the i th ray can be estimated once the local maximum is detected. The wideband ambiguity function used here is the square magnitude of (11). This representation can be compared with the classical ambiguity plane except the Doppler effect, modeled as a compression or expansion in time and not as a frequency shifting. Figure  2 shows an example of the wideband ambiguity plane computed for one LFM (Linear Frequency Modulation) received signal. In the multipath case, paths have different apparent speeds and different time delays as illustrated in figure 3 . Each path is seen as a sweep-like shape which broadens with the "distance" between the reference and the simulated speed and time-delay. Fig3 . Ambiguity plane of a simulated multipath propagation. The relative speed = 8 knots and the distance source-receiver is 500 m
DOPPLER COMPENSATION TECHNIQUE
In previous section, the wideband ambiguity function has been introduced in the context of multipath propagation whenever the source is moving or not. A well known method of estimating the IR of one canal of propagation is to compute the cross correlation between a set of time-delayed version of the transmitted signal and the received one. In [1] , this method has been shown to be equivalent to taking the values at a speed equal to zero for all the time-delays in the ambiguity plane and it has been shown to give a poor IR because the motion is not taken into account. In [1] , the uniform speed compensation, which enables recovering a motionless IR from the ambiguity plane with a moving source, has been introduced. The uniform speed compensation is defined as keeping the column at constant speed V in the wideband ambiguity plane with the hypothesis of a source faraway from the receiver so that the apparent speed of each ray (v i ) will be close to the one of the first path.
The speed V is estimated as the coordinates of the absolute maximum in the ambiguity plane and corresponds to the apparent speed of the first path.
In this paper, we introduce a new Doppler compensation technique estimating the apparent speed of each ray. The principle of the method is to be able detecting the maxima corresponding to each path in the broadband ambiguity function so the motionless IR can be recovered. The difficulty is that paths are very close and interferences creating local maxima appear in the ambiguity function. If one path is removed before computing the ambiguity function then it cannot create any interference with another path and the next arrival should be detectable. The general process of the motion compensation is explained by a scheme presented on figure 4. First, the broadband ambiguity function is computed and the first path is detected as the coordinates of the absolute maximum leading to the apparent speed and the time delay of the first ray. At this point, the first ray of the motionless IR is recovered. The signal received for the first ray is then analytically modeled with formula (6). The next steps consist in removing the detected ray and this cannot be done with classical filtering as paths are too close one from another. The advantage of the time-warping [4] operation is that the detected path can be represented as a pure sine function which can be easily filtered without modifying the received signal. With its analytical expression and timewarping operation, the detected path is removed from the studied record and the inverse time-warping operation is then applied. This leads to a signal containing all paths except the one previously detected. This process is applied n times if one wants to recover an IR with n rays.
RESULTS
For this simulation, we consider a source moving at 5m.s -1 , at a depth of 32 meters and at a range of 500 meters from a hydrophone located at 90 meters depth. The channel depth is 165 meters. The signal transmitted is a LFM with a central frequency of 1300Hz, a bandwidth of 2000Hz and a time duration of 4 seconds.
The figure 5 illustrates the first steps of the method introduced in previous section. The absolute maxima detection is represented with the star in the broadband ambiguity plane (left part of fig. 5 ). We remark also that the two first paths are really close in the ambiguity plane which creates interferences. Once the absolute maximum detected, the received signal is warped according to the instantaneous frequency law defined by (6). The right part of the figure 5 represents the time-warped space representation where the first path is a pure sine. The signal received for the first ray is extracted with the band-pass filter defined by the two dashed lines represented on figure 5. This process allows to detect the time delay and amplitude corresponding to the first path and to remove it accurately in order to examine iteratively the other rays. The signals obtained after the extraction of the first ray are shown in the ambiguity plane on figure 6. It can be seen that the first path is removed without modifying other parts of the signal and the detection of the second ray becomes easier. The zero speed compensation is represented with the clear dotted line, the uniform speed compensation with a dashed line and the adaptive speed compensation with a solid line. As expected, the zero speed compensation leads to poor results while motion is not taken into account. The uniform speed compensation leads to a good estimation of the two first rays but the amplitude and the time-delays obtained are biased for other one. Finally, the adaptive speed compensation proposed in this paper allows recovering a motionless IR very close to the theoretic one. 
CONCLUSIONS
This paper introduces a new method which allows recovering the motionless IR from an unknown constant motion of the transmitter-channel-receiver configuration. The method is based on the warping-based lag-Doppler filtering of arrived signals. This new method can be used for active and passive tomography when the speed of the source is not well monitored and unknown, respectively.
